1. Introduction {#sec1-brainsci-10-00411}
===============

Cancer is the leading cause of disease-related death among children, although recent therapeutic advances have improved life expectancy; in fact, nearly 90% of children diagnosed with cancer survive at least five years after diagnosis and over 70% at ten years \[[@B1-brainsci-10-00411]\].

The most common tumors diagnosed in childhood are leukemias (acute lymphoblastic leukemia in 78% of cases), brain neoplasms (especially astrocytoma and non-Hodgkin's lymphoma) and of the central nervous system (CNS), which represent 34%, 23% and 12% of all childhood cancers, respectively. Solid tumors that are not localized in the CNS are very rare. Age strongly influences cancer occurring in childhood: the highest incidence is in the age group under five years (characterized by rapid brain and functional development and, therefore, a period in which the brain is particularly vulnerable), and a second peak of incidence occurs during puberty \[[@B2-brainsci-10-00411]\].

In recent years, a close relationship between pediatric cancer and cognitive impairment has been established, as well as behavioral and psychological disturbances in children who have survived cancer problems \[[@B3-brainsci-10-00411],[@B4-brainsci-10-00411],[@B5-brainsci-10-00411],[@B6-brainsci-10-00411],[@B7-brainsci-10-00411]\]; it has been estimated that 40 to 100% of brain tumor survivors have neurocognitive problems \[[@B8-brainsci-10-00411]\]. Cancer treatment can also impact negatively on the child's health, even after recovery \[[@B3-brainsci-10-00411],[@B7-brainsci-10-00411],[@B9-brainsci-10-00411],[@B10-brainsci-10-00411]\].

Furthermore, several studies have been conducted concerning the association between pediatric tumors and sleep disorders, highlighting how these are frequent in children with malignancies \[[@B2-brainsci-10-00411],[@B11-brainsci-10-00411],[@B12-brainsci-10-00411]\], but there is a scarcity of data on the neurodevelopmental effects associated with both cancer and sleep in children. The aim of this narrative is therefore to shed light on the correlation between sleep disorders, neurodevelopmental disorders and pediatric neoplasms in children.

Data for this review consisted of empirical articles published in peer-reviewed journals between 2010 and February 2020. An extensive computer-assisted literature search was conducted using PubMed, selecting only studies involving humans. Several searches were carried out using the following terms in various combinations: "pediatric cancer", "neurodevelopment", "pediatric tumor", "neurodevelopmental disorder", "sleep", "leukemia", "pediatric leukemia", and "adolescent cancer". The search for the association between specific sleep disorders (insomnia, parasomnia, hypersomnia, narcolepsy, sleepwalking, night terrors, restless legs syndrome, periodic limb movement, somnambulism) and "pediatric cancer", "tumor", and "neurodevelopment" did not retrieve any records.

Excluded from consideration were book chapters, monographs, commentaries, review articles, dissertations, abstracts, letters to the editor, and any non-data-analytic or non-peer-reviewed reports. Duplicates were also excluded, and the reference list of the retrieved articles was reviewed and pertinent articles published during the same time period specified above were added to the final list of papers. However, only four articles \[[@B13-brainsci-10-00411],[@B14-brainsci-10-00411],[@B15-brainsci-10-00411],[@B16-brainsci-10-00411]\] dealt with cancer, neurodevelopmental disorders and sleep at the same time; for this reason, the following sections of this paper discuss the topic by using all pertinent articles that approached various aspects of the problem, even if not focusing on the very specific topic of our search.

1.1. Pediatric Cancer as a Cause of Neurodevelopmental Disorders {#sec1dot1-brainsci-10-00411}
----------------------------------------------------------------

The influence of pediatric tumors and their treatment on neural development and on behavioral and emotional outcomes, even in the long term, has only recently been investigated \[[@B3-brainsci-10-00411],[@B4-brainsci-10-00411],[@B5-brainsci-10-00411],[@B6-brainsci-10-00411],[@B7-brainsci-10-00411]\]. It has been reported that cancer survivors treated with radio-chemotherapy show a high rate of cognitive dysfunction, with attention deficits in 67% and memory deficits in 3--28% of cases, as well as disorders of executive functions and speed of elaboration \[[@B17-brainsci-10-00411],[@B18-brainsci-10-00411]\].

The onset of psychological problems (such as post-traumatic stress disorder) is very frequent, which can negatively impact on school performance and daily performance, as well as determine a reduction in therapeutic adherence, with a consequent increase in morbidity and mortality \[[@B19-brainsci-10-00411]\].

The onset of post-traumatic stress disorder may be due both to the diagnosis of malignant disease (resulting in a psychological impact on the child and the family) and to the anti-cancer treatment \[[@B20-brainsci-10-00411]\]. The management of the psychological sphere in oncology, therefore, plays a predominant role and, considering the close correlation between sleep disorders and psychiatric and neurodevelopment problems \[[@B21-brainsci-10-00411]\], treating sleep disorders can also be very useful in the treatment of cancer, being able to positively influence the psychological and cognitive components. In recent years, it has in fact been shown that sleep deprivation can affect neurodevelopment in children and adolescents, with repercussions on physical and mental health also causing structural alterations of the brain circuits in the frontal and limbic region, involved in the circuits of emotion \[[@B21-brainsci-10-00411],[@B22-brainsci-10-00411]\].

The neurobiological changes observed are largely attributed to the neurotoxic effects of anticancer treatments \[[@B7-brainsci-10-00411]\], with dose-dependent effects of these therapies on brain structure and function \[[@B23-brainsci-10-00411],[@B24-brainsci-10-00411],[@B25-brainsci-10-00411]\]; these harmful effects on neurodevelopment also occur in the case of therapies for the treatment of leukemia \[[@B3-brainsci-10-00411]\], solid CNS tumors \[[@B10-brainsci-10-00411]\], and solid tumors not localized in the CNS \[[@B9-brainsci-10-00411],[@B26-brainsci-10-00411]\].

In the case of brain tumors, in addition to radio-chemotherapy treatment, the localization of the tumor can also affect the neurocognitive outcome, with infratentorial tumors associated with worse outcomes compared to those with a higher localization: a study compared verbal and non-verbal intellectual functions, working, visual and verbal memory, visual--spatial integration, attention, and social and emotional functions in two groups of children with brain tumors (subjected to resection of the tumor and at the same doses of radiotherapy), and taking into account the localization of the brain tumor. Children with infratentorial tumors had lower school scores (and a greater frequency of hearing deficits) than children with supratentorial cancer \[[@B27-brainsci-10-00411]\].

Cognitive and psychological problems related to the onset of cancer can also be influenced by the age of the child at the time of diagnosis \[[@B28-brainsci-10-00411]\] and by the timing with which radio-chemotherapy treatment is carried out, which is more harmful in the case of early treatment \[[@B10-brainsci-10-00411]\] and capable of damaging several subcortical regions involved in the integration of affective and motivationally relevant signals, such as the amygdala, the thalamus, the ventral striatum, the substantia nigra/ventral tegmental area and, finally, the hippocampus, which plays a key role in the circuits of memory and emotions connected to the aforementioned structures \[[@B29-brainsci-10-00411]\].

The brain in the first years of life is particularly vulnerable to the negative effects of treatment due to rapid cell proliferation, dendritic and axonal growth, and myelination, which occur in childhood and adolescence \[[@B10-brainsci-10-00411]\]. The maturation of the gray and white matter is damaged, with a consequent slower cognitive processing speed, as the glial progenitor cells (responsible for the formation of oligodendrocytes and astrocytes) and hippocampal cells (involved in the processes of neurogenesis) are particularly vulnerable to the effects of chemo and radiotherapy \[[@B30-brainsci-10-00411]\], both in patients with leukemia \[[@B3-brainsci-10-00411]\], and in patients with solid CNS tumors \[[@B10-brainsci-10-00411]\].

The damage is due to both direct cell toxicity, induced by chemotherapy, and to inflammation and oxidative stress (i.e., indirect toxicity), which seem to have a negative impact especially on the hippocampus and prefrontal regions, causing behavioral disorders, such as lack of self-control before and during adolescence \[[@B31-brainsci-10-00411],[@B32-brainsci-10-00411]\].

As mentioned above, acute lymphoblastic leukemia (ALL), the form of neoplasm that occurs most frequently in children, is a cause of impaired neurodevelopment of the child \[[@B3-brainsci-10-00411],[@B33-brainsci-10-00411]\], but only in recent years have the specific biological mechanisms acting on long-term neuronal integrity, induced by ALL and the therapies administered for this pathology, been specified.

A recent study evaluated patients aged between 8 and 21 years treated with a single chemotherapy protocol with methotrexate and demonstrated a brain connectome dysfunction; the results were consistent with a delay in neurodevelopment (especially in younger children), which could be associated with reduced recovery capacity, adaptability and flexibility of the brain network \[[@B34-brainsci-10-00411]\].

Functional magnetic resonance imaging studies conducted in children with ALL have also shown worse neurocognitive dysfunction in the case of early treatment and with a higher dosage of methotrexate, highlighting a reduction in the activity of the right temporal lobe and of the frontal and parietal lobes, bilaterally \[[@B35-brainsci-10-00411]\].

However, in children with ALL, the white matter seems to be damaged even before chemotherapy treatment \[[@B13-brainsci-10-00411]\]. A very interesting study also evaluated cerebrospinal fluid biomarkers, demonstrating a cytokine-mediated inflammatory mechanism that, once it passes the blood--brain barrier, may trigger a cascade of neurotoxic events.

An increase in tau protein was observed (suggestive of axonal damage) in association with a worsening of attention deficit and a reduction in intelligence quotient; an increase in glial fibrillary acidic protein (GFAP) concentration in patients with an altered allele of the apolipoprotein E (APOE) gene (associated with deficiency of attention); and an increase in leukoencephalopathy, with compromised white matter especially in the frontal (particularly in the dopaminergic circuits) and parietal \[[@B36-brainsci-10-00411]\] lobes. This study also showed an impairment of brain structures both before and after chemotherapy: glial damage was present at the diagnosis; after intrathecal chemotherapy, neuronal damage was triggered, which was worse in cases of higher methotrexate dosage, especially in patients with the Val allele in the catechol-O-methyltransferase (COMT) gene and early treatment \[[@B36-brainsci-10-00411]\].

[Table 1](#brainsci-10-00411-t001){ref-type="table"} summarizes the main biological mechanisms of CNS damage occurring in the course of pediatric cancer.

The relationship and interactions between pediatric cancer, chemotherapy, sleep and CNS development/damage and cognitive function are complex and schematically represented in [Figure 1](#brainsci-10-00411-f001){ref-type="fig"}.

The above results highlight the need for interventions that prevent or manage cognitive impairment in pediatric ALL; in recent years, the results of cognitive behavioral therapy (CBT) and physical activity in pediatric patients with ALL or solid CNS tumors have been examined, with improvement of brain function and an increase in white matter and hippocampal volume \[[@B38-brainsci-10-00411],[@B39-brainsci-10-00411],[@B40-brainsci-10-00411]\]. These data underline that the treatment of psychological problems in children with cancer is also of fundamental importance because it involves a potential improvement in cognitive performance; on the other hand, it has been shown that correct sleep hygiene is very important for the protection of the physical and mental health of children and that health workers take care of this aspect in clinical practice \[[@B21-brainsci-10-00411]\].

The studies conducted on the effects of pediatric tumors not located in the CNS and their treatment on neuronal development are indeed very few (given the rarity of these tumors). However, even in this case, there seems to be evidence of damage related to neuro-inflammation and chemotherapy-induced damage of the blood--brain barrier \[[@B9-brainsci-10-00411],[@B26-brainsci-10-00411]\]. Finally, in these types of tumors chemotherapy can damage the hypothalamic--pituitary--adrenal axis \[[@B37-brainsci-10-00411]\], altering hormonal structure and inducing growth problems and depressive symptoms \[[@B9-brainsci-10-00411]\].

Therefore, before or during radio-chemotherapy, an early treatment of psychological and cognitive problems seems to be appropriate in order to positively influence the maturation processes of the hippocampus and related structures and the developing neuronal plasticity \[[@B7-brainsci-10-00411]\]. It seems that the hippocampus is one of the few brain areas that shows active postnatal neurogenesis, which makes it particularly susceptible to changes induced by pediatric tumors \[[@B41-brainsci-10-00411]\].

1.2. Pediatric Tumors Arising in Comorbidity with Neurodevelopmental Disorders {#sec1dot2-brainsci-10-00411}
------------------------------------------------------------------------------

Regarding the studies conducted on congenital neurological development anomalies in pediatric cancer and young adults, there are a few reports in the literature showing that 8--30% of pediatric oncology patients have mutations in cancer-predisposing genes \[[@B42-brainsci-10-00411]\].

There is a single study that expands previous reports on the associations of congenital anomalies with pediatric tumors by integrating neurocognitive deficits; this study examined cancer patients aged 0 to 23 years, identifying congenital anomalies before the onset of the tumor in 141 (13% of cases) out of a sample of 1107 patients; specifically, the following pathologies were observed: movement disorders, obstructive hydrocephalus, Arnold--Chiari malformation, spina bifida, cerebral palsy, epilepsy and, less frequently, cardiovascular, gastrointestinal or genitourinary tract anomalies. Congenital anomalies of the CNS were found to be associated with CNS tumors (less frequently with astrocytomas and ependymomas, more frequently with gliomas and neuroblastomas), especially in males aged less than 5 years \[[@B43-brainsci-10-00411]\].

A correlation between neurofibromatosis, tumors and neurodevelopmental disorders is also known; in particular, a compromise in the formation process of dendritic spines has been observed \[[@B44-brainsci-10-00411]\].

Genetic predisposition, therefore, plays a key role in this area, and should also be taken into consideration for chemotherapy treatment in these children. Indeed, recent studies have highlighted specific genetic polymorphisms connected to different alterations of cognitive performances or behavioral disorders; a role for genes related to oxidative stress and neuro-inflammation is believed to contribute to the neurocognitive decline associated with chemotherapy in children with ALL \[[@B31-brainsci-10-00411],[@B45-brainsci-10-00411],[@B46-brainsci-10-00411]\]. It is possible that some DNA polymorphisms related to brain development, APOE and brain-derived neurotrophic factor (BDNF) may provide protection against neurotoxicity during development; however, further studies are needed because it is not clear which genotypes and immunological mechanisms are involved in chemotherapy-induced neurotoxicity \[[@B9-brainsci-10-00411]\]. Finally, radiation therapy is suspected to induce a shortening of telomeres \[[@B47-brainsci-10-00411]\].

2. The Role of Sleep Disorders in Children with Cancer and Neurodevelopmental Disorders {#sec2-brainsci-10-00411}
=======================================================================================

The close correlation between sleep disturbances and pediatric cancer \[[@B2-brainsci-10-00411],[@B11-brainsci-10-00411],[@B12-brainsci-10-00411]\] and how the treatment of tumors can negatively impact children's health, even after recovery from cancer, has recently been highlighted \[[@B3-brainsci-10-00411],[@B7-brainsci-10-00411],[@B9-brainsci-10-00411],[@B10-brainsci-10-00411]\]; however, papers on this topic are not homogeneous and evidence is scattered around in several observational studies and case series and reports that are briefly described below.

Since pediatric brain tumor survivors are at risk of both sleep disturbance and neurocognitive impairment, improving sleep may be a way to promote neurocognitive functioning in these children, for whom adequate interventions are currently scarce \[[@B48-brainsci-10-00411]\]. It is also true that a knowledge of sleep disorders in children with neurodevelopmental pathologies predisposed to develop cancer can improve their health and quality of life; however, there are only few studies in the literature that have evaluated this aspect, highlighting a high prevalence of sleep disturbances in tuberous sclerosis (74% of cases) and in autism spectrum disorder (50--80% of cases) \[[@B49-brainsci-10-00411]\].

One of the first attempts to demonstrate that neurocognitive function (attention, memory and processing speed deficits) in long-term survivors of childhood cancer appears to be particularly vulnerable to the effects of fatigue and sleep fragmentation dates back to 2011, and suggested that sleep hygiene could be a valid tool to improve neurocognitive outcome \[[@B14-brainsci-10-00411]\].

As previously said, neoplasms in children are associated with neurodevelopmental problems related to neuroinflammation \[[@B36-brainsci-10-00411]\]; there is growing evidence that systemic inflammation is associated with poor sleep quality \[[@B50-brainsci-10-00411]\]; and sleep duration is linked to serum concentrations of C-reactive protein (CRP), tumor necrosis factor-alpha (TNF-α) and interleukin \[[@B51-brainsci-10-00411]\]. [Table 2](#brainsci-10-00411-t002){ref-type="table"} summarizes some significant aspects of the importance of sleep for the developing brain.

2.1. Inflammation and Oxidative Stress {#sec2dot1-brainsci-10-00411}
--------------------------------------

Only one study evaluated the association of inflammation and oxidative stress biomarkers with neurocognitive outcomes and sleep quality in long-term survival children with ALL \[[@B13-brainsci-10-00411]\]. Females with high levels of CRP, interleukin-6 and interleukin-1β (IL-1β) showed greater neurocognitive and behavioral involvement, while higher levels of IL-1β were associated with cognitive impairment and longer sleep duration; females seemed to be more affected than males in both cognitive and sleep disturbances. Moreover, a longer sleep duration was associated with a worsening of the executive functions of the frontal lobes in females but not in males \[[@B13-brainsci-10-00411]\]. Symptoms of fatigue and sleep problems might be aggravated by the impact of immune activation and the interruption of circadian rhythms secondary to the adrenal insufficiency subsequent to the treatment of cancer; however, further data are needed, also due to the limited number of cases studied \[[@B13-brainsci-10-00411]\].

There is growing evidence supporting that mediators of inflammation and immune cells are the main regulators of the sexual differentiation of the brain, in addition to neurotransmitters and sex hormones \[[@B61-brainsci-10-00411]\]; on the other hand, the importance of good sleep quality for improving the functioning of the immune system is increasingly evident \[[@B56-brainsci-10-00411]\].

Sleep deprivation causes an increase in inflammatory cytokine levels, especially interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) a reduction in the number of T-helper lymphocytes (CD 3+ and CD 4+), T-cytotoxic lymphocytes (CD 8+) and natural killer cells (NK) has been observed in insomniacs; under physiological conditions, sleep induction and the first stages after falling asleep are related to an increase in IL-1 levels: both the latter and TNF-α decrease during the subsequent sleep stages, while other cytokines (IL-2, IL-6, IL-8, IL-15 and IL-18) promote non-rapid-eye-movement (NREM) sleep and regulate body temperature. It can therefore be deduced how important good sleep quality is for the integrity of the immune system; in addition, the communication network between the immune system and the neuroendocrine system allows the body to maintain homeostasis, especially when it must respond to an external stimulus, such as an infection \[[@B56-brainsci-10-00411]\].

Most sleep disturbances in cancer patients are associated with an activation of the inflammatory state, even during chemotherapy: cytokines activate microglia (through the humoral and/or neural pathway), which can in turn induce an astrocyte neurotoxic reaction. Tumors produce IL 1-β in high quantities, which inhibits rapid-eye-movement (REM) and promotes NREM sleep and influences numerous neurotransmitters involved in sleep regulation (adenosine, prostaglandins, nitric oxide, GABA). IL-6 also seems to reduce REM sleep and increase slow-wave sleep; the same role seems to be played by TNF-α \[[@B57-brainsci-10-00411]\]. Hormones are also involved in the close connection between sleep and tumors: ghrelin, related to an increase in tumor progression and a reduction in survival, could act on orexinergic neurons by activating them; leptin, involved in the proliferation of cancer cells, can induce the production of IL-6 and TNF-α; moreover, it seems to activate hypothalamic neurons, in turn connected with orexinergic neurons. Finally, neurons expressing calcitonin-gene-related peptide are sensitive to changes in pCO~2~ and are involved in the onset of arousals and awakening \[[@B57-brainsci-10-00411]\].

The interaction between sleep and tumors is also of fundamental importance for therapeutic purposes, as the response to chemotherapy and immunotherapy requires adequate functioning of the immune system which is influenced by sleep. It is known how the immune response undergoes maturation in the course of neonatal, infant and adult life and how important it is to preserve its development and functioning in order to avoid the risk of infections, immunological disorders and cancer \[[@B58-brainsci-10-00411]\]; immune activation, inflammation and various other conditions that cause unwanted microglial activity might seriously impair learning, memory and other essential cognitive functions \[[@B52-brainsci-10-00411]\]. Therefore, it is essential to preserve the functioning of the immune system in children with cancer with an adequate management of sleep disorders.

2.2. Neurogenesis and Synaptic Plasticity {#sec2dot2-brainsci-10-00411}
-----------------------------------------

A major challenge in counteracting the consequences of childhood cancer on neurological development is, therefore, the prevention of cancer-induced neuronal damage and its treatment. There is a complex interaction between neurogenesis of the neurons within the dentate gyrus of the hippocampus, memory function, neuronal plasticity and sleep; as an example, attention to sleep characteristics is indicated for the treatment of cognitive decline \[[@B53-brainsci-10-00411]\].

Several studies have shown that sleep improves learning and memory, enhancing synaptic plasticity at the hippocampus level, where among other things there are stem cells (in correspondence with the dentate gyrus); memory traces are consolidated here during the slow-wave sleep stages. Therefore, it is important to ensure good sleep quality and adequate duration of deep sleep, so that this process and sleep homeostasis are guaranteed. In fact, it has been shown that sleep fragmentation and deprivation and circadian rhythm alterations are also associated with neurodegenerative processes, as well as tumor pathologies, through an increase in oxidative stress and inflammatory mechanisms, which can trigger cell degeneration cascade processes \[[@B59-brainsci-10-00411]\].

As previously described, sometimes it is chemotherapy itself that induces neuronal damage, which is even more serious if it happens in children who are affected by neurodevelopmental disorders as well as by neoplastic pathologies. Among other things, it seems that the brain area most damaged by cancer and by chemotherapy treatment in children is precisely the hippocampus \[[@B7-brainsci-10-00411],[@B41-brainsci-10-00411]\]. Thus, it may be essential to increase sleep quality as an effective therapy that can counteract neuronal degeneration processes.

2.3. The Role of Melatonin {#sec2dot3-brainsci-10-00411}
--------------------------

The treatment of sleep disturbances can also ensure adequate production of endogenous melatonin, a hormone with anti-tumor and anti-inflammatory functions, which stimulates the proliferation of stem cells \[[@B15-brainsci-10-00411],[@B54-brainsci-10-00411],[@B55-brainsci-10-00411]\]; the regularization of circadian rhythms is important for a correct functioning of the hypothalamic--pituitary--adrenal axis, unfortunately often involved in pediatric neoplasms \[[@B37-brainsci-10-00411],[@B41-brainsci-10-00411],[@B42-brainsci-10-00411]\], with consequent improvement of the production of hormones synthesized by these metabolic pathways, also important for the processes of growth of the child.

2.4. Interaction between Sleep and Tau Protein {#sec2dot4-brainsci-10-00411}
----------------------------------------------

Regarding severe cognitive decline, for its prevention, it is important to underline that sleep deprivation can induce an increase in tau protein, the accumulation of which can cause neurodegeneration \[[@B62-brainsci-10-00411]\]. As previously mentioned, in children with ALL undergoing lumbar puncture, an increase in the levels of tau protein (which is one of the markers of neurodegeneration) has been demonstrated both before and after the start of chemotherapy treatment, thus being able to indicate a possible tumor-induced (or treatment-induced) neurodegenerative process \[[@B36-brainsci-10-00411]\]. Thus, if sleep deprivation is also related to an increase in tau protein, a failure to treat sleep disturbances in children with leukemia can cause further worsening of neurodevelopment. This aspect is even more serious if we also consider that the accumulation of tau protein is a process that is perpetuated over time and is in fact linked in adults to neurodegenerative processes that occur in some types of dementia, such as Alzheimer's disease and other tauopathies \[[@B63-brainsci-10-00411]\].

2.5. Brain Connectivity {#sec2dot5-brainsci-10-00411}
-----------------------

Furthermore, the maturation of slow waves in childhood seems to be a new marker for monitoring brain connections, giving to sleep the role of a major player in brain maturation processes \[[@B60-brainsci-10-00411]\]. Myelination processes that occur from childhood to adolescence, leading to the maturation of nerve fibers and allowing neurodevelopmental mechanisms, take place especially during sleep, which, therefore, plays a key role in brain maturation and learning; in the course of pediatric cancer, a widespread involvement is observed not only of the gray matter, but also of the white matter \[[@B3-brainsci-10-00411],[@B10-brainsci-10-00411],[@B30-brainsci-10-00411],[@B36-brainsci-10-00411]\], with the consequent disruption of brain connectivity, impaired learning processes and reduced cognitive performance \[[@B34-brainsci-10-00411],[@B35-brainsci-10-00411]\]. Good sleep quality, with an adequate representation of slow-wave sleep, is therefore important for brain connectivity and neurodevelopment.

As a consequence of all the above considerations, the relationship and interactions between pediatric cancer, chemotherapy, sleep and CNS development/damage and cognitive function is complex and schematically represented in [Figure 1](#brainsci-10-00411-f001){ref-type="fig"}.

3. The Effect of Sleep Disorder Treatment on Neurodevelopmental Disorders in Children with Cancer {#sec3-brainsci-10-00411}
=================================================================================================

Studies on the treatment of sleep disorders in children with oncological problems and neurodevelopmental disorders are very few and concern the usefulness of CBT and melatonin; in the latter case, the greatest evidence is provided by studies conducted on adults \[[@B15-brainsci-10-00411],[@B16-brainsci-10-00411],[@B53-brainsci-10-00411],[@B54-brainsci-10-00411],[@B60-brainsci-10-00411],[@B62-brainsci-10-00411],[@B63-brainsci-10-00411],[@B64-brainsci-10-00411]\]. Further studies in this regard could be very useful for improving the therapeutic outcome and quality of life in children with cancer and cognitive problems.

3.1. Cognitive Behavioral Therapy {#sec3dot1-brainsci-10-00411}
---------------------------------

The importance of CBT for sleep disturbances in children with malignancies has also been highlighted; however, standardized protocols are lacking and only a limited number of studies are available \[[@B64-brainsci-10-00411]\].

A very recent study has evaluated the effects of the treatment of sleep disturbances in children with CNS tumors exposed to high doses of chemotherapy, hypothesizing that the treatment of sleep disturbances and the protection of endogenous melatonin production might be followed by a better outcome of autologous stem cell transplantation too \[[@B15-brainsci-10-00411]\]. The same investigation suggested the usefulness of chronopharmacology with chemotherapy agents, as also reported by other studies \[[@B65-brainsci-10-00411]\]; this chrono-chemotherapy approach is innovative and exploits the circadian biology of individual tumors and the specific circadian variations influencing the pharmacokinetics and pharmacodynamics of drugs, and consequently proving effective in reducing the doses of some drugs with the same efficacy, and, finally, ensuring a better toxicity profile. However, these are pioneering studies conducted in adults and not yet attempted in the pediatric population.

Another work highlighted that sleep disturbances arise in half of children with neoplasms and neurocognitive problems, with worsening of executive functions, and underlined the importance of the inclusion of CBT of sleep disturbances in the treatment protocols of children with neoplastic problems \[[@B16-brainsci-10-00411]\]. The importance of CBT in these children was also demonstrated in another recent study, which assessed sleep disturbances such as insomnia, obstructive sleep apnea syndrome, excessive daytime sleepiness and circadian rhythm disturbances in children with tumors; a positive outcome on psychological disorders was also reported \[[@B66-brainsci-10-00411]\].

CBT represents the first approach in different types of sleep disorders, first of all insomnia, according to international guidelines, even before any drug treatment. Children suffering from oncological problems are fragile and the concomitant presence of cognitive problems and mood disorders should be considered. Often, because of the impossibility of using a pharmacological support (given the age of the patients and the associated clinical conditions), it is of fundamental importance to assess the possible presence of different sleep disorders and to use CBT before chemotherapy, during it and during the follow-up period, to ensure adequate and timely management of sleep quality, improve health and adherence to chemotherapy, and support cognitive development. It would be useful to create ad-hoc protocols for children with cancer, especially with neurodevelopmental problems.

3.2. Melatonin {#sec3dot2-brainsci-10-00411}
--------------

Melatonin is a promising treatment for sleep disorders in children (important for regulating the sleep--wake cycle); melatonin seems to be a powerful free radical scavenger and has an anti-tumor action \[[@B54-brainsci-10-00411],[@B55-brainsci-10-00411],[@B67-brainsci-10-00411]\]. Melatonin stimulates the apoptosis of cancer cells and their anti-growth signal, enhances the immune system, and inhibits several active mechanisms in carcinogenesis, including genomic instability, angiogenesis, the development of metastasis (limiting the entrance of neoplastic cells in the vascular system), and the inflammatory processes promoted by tumors \[[@B54-brainsci-10-00411]\].

Melatonin is a powerful free radical scavenger and has a chelating action, and therefore reduces oxidative stress and inflammatory reactions and stabilizes cell membranes. It has been hypothesized that melatonin can improve the survival of stem cells and facilitate their differentiation \[[@B55-brainsci-10-00411]\]; it was also shown that preserving endogenous melatonin production improves response to autologous stem cell transplantation \[[@B15-brainsci-10-00411]\].

Melatonin seems to improve the response to chemotherapy treatment and reduce drug resistance to anti-tumor drugs. It also seems to play a role in the reduction of the acute and long-term toxicity of chemotherapy, thus suggesting the importance of its use in association with chemotherapy \[[@B67-brainsci-10-00411]\]. Current research on melatonin supplementation during cancer treatment is evaluating its possible role in improving sleep, appetite, the effectiveness of radiation therapy and immunological and inflammatory markers, as well as a reduction in neurocognitive deficits \[[@B59-brainsci-10-00411],[@B68-brainsci-10-00411]\].

In a meta-analysis, which evaluated 21 trials conducted on cancer patients, the effects of adding melatonin to chemotherapy treatment were evaluated, revealing that patients who had also taken melatonin had a better therapeutic response to cancer remission and an improved one-year survival \[[@B59-brainsci-10-00411]\]. In this case, studies have also only been carried out in adults.

Melatonin is indicated for the treatment of insomnia and circadian rhythm disorders with delayed sleep phase. It is very effective if administered 3--5 h before the physiological dim light melatonin onset. Many children with neurodevelopmental disorders (such as autism spectrum disorders, attention deficit/hyperactivity disorder and intellectual disabilities) can benefit from melatonin treatment, which leads to a reduction in sleep latency and increases total sleep time. No serious adverse reactions have been identified following the intake of melatonin \[[@B69-brainsci-10-00411]\].

3.3. Other Treatment Options {#sec3dot3-brainsci-10-00411}
----------------------------

Sleep disorders are very common in children with neurodevelopmental disorders; however, there are no drugs approved for the treatment of children's sleep disorders by the United States Food and Drug Administration. Therefore, many pharmaceuticals are prescribed off-label \[[@B70-brainsci-10-00411]\]. Treatment in children must be personalized and consider multiple factors, such as the type and severity of sleep disorder and the comorbidities \[[@B70-brainsci-10-00411]\], especially in children with oncological pathology, considering the side effects of anti-tumor drugs and possible interactions with these. In a recent review, which assessed the various therapeutic options for the pharmacological treatment of sleep disorders in children with neurodevelopmental disorders, it emerged that the use of certain drugs such as gabapentin, clonidine, trazodone and mirtazapine could be therapeutic options and that, supplementation with iron, vitamin D and 5-hydroxy tryptophan could be useful; however, further studies are needed to evaluate doses and tolerability \[[@B70-brainsci-10-00411]\]. Regarding iron supplementation, a good response to oral iron intake has been demonstrated for the treatment of restless legs syndrome in children \[[@B71-brainsci-10-00411]\], especially in long-term treatment \[[@B72-brainsci-10-00411]\], and this data assumes a particular relevance if we consider the prevalence of this disorder in some neurodevelopmental disorders, such as attention-deficit hyperactivity disorder \[[@B73-brainsci-10-00411]\], and the high frequency with which problems of anemia occur in hematological malignancies.

3.4. Ventilatory Treatment of Respiratory Disorders in Sleep {#sec3dot4-brainsci-10-00411}
------------------------------------------------------------

Obstructive sleep apnea (OSA) is very common in children \[[@B74-brainsci-10-00411]\] and can be associated with neurocognitive problems or neurodevelopmental disorders, such as attention deficit/hyperactivity disorder and learning problems \[[@B75-brainsci-10-00411],[@B76-brainsci-10-00411]\]. OSA determines intermittent hypoxia, endothelial dysfunction, systemic inflammation and, therefore, cell damage and is related to cardiovascular problems, diabetes, high blood pressure and metabolic syndrome. In addition, the excessive daytime sleepiness caused by this disease can negatively impact on the child's learning, behavior and school performance \[[@B75-brainsci-10-00411]\] and cause an alteration of the cerebral gray matter in the areas involved in learning and emotional functions \[[@B77-brainsci-10-00411]\]. Thus it is important to treat this pathology, often also found in children with oncological pathologies \[[@B12-brainsci-10-00411],[@B78-brainsci-10-00411]\], in whom neurocognitive problems can arise both as a consequence of cancer or of its treatment, as previously described \[[@B17-brainsci-10-00411],[@B18-brainsci-10-00411],[@B31-brainsci-10-00411],[@B32-brainsci-10-00411],[@B34-brainsci-10-00411],[@B35-brainsci-10-00411]\]. As mentioned above, both OSA and cancer can cause structural changes in the brain, especially in the earliest stages of the child's development \[[@B3-brainsci-10-00411],[@B10-brainsci-10-00411],[@B29-brainsci-10-00411],[@B30-brainsci-10-00411],[@B31-brainsci-10-00411],[@B32-brainsci-10-00411],[@B77-brainsci-10-00411]\]. It has been shown that OSA ventilatory treatment, as well as surgical treatment (through adenotonsillectomy), can induce an improvement in attention, social interaction, behavior and cognitive skills \[[@B79-brainsci-10-00411]\]. However, good adherence by the patient is necessary for the ventilatory treatment in order to be effective, which can be difficult, especially with children with neurocognitive problems. It is therefore necessary to optimize strategies together with the caregiver to ensure good compliance of the child with ventilatory treatment \[[@B80-brainsci-10-00411]\].

4. Conclusions {#sec4-brainsci-10-00411}
==============

Considering the improvement in the last few years in terms of the survival of pediatric malignancies and the high prevalence of cognitive problems in these children, due to both the effects of pediatric tumors themselves and their treatment, it is clear that in-depth knowledge and correct management of sleep disorders may help improve the health and quality of life of children with cancer and their families. New, well-planned and controlled trials are now warranted for the design of targeted therapeutic approaches and standardized protocols.
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brainsci-10-00411-t001_Table 1

###### 

Biological damage of the central nervous system observed in pediatric cancer.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  -Damage of the hippocampus and other areas involved in memory emotion circuits (amygdala, thalamus, striatum, substantia nigra/ventral tegmental area) \[[@B10-brainsci-10-00411],[@B29-brainsci-10-00411],[@B30-brainsci-10-00411],[@B31-brainsci-10-00411],[@B32-brainsci-10-00411]\]-Dendrite and axonal growth damage \[[@B10-brainsci-10-00411]\] damage of prefrontal functions \[[@B29-brainsci-10-00411],[@B31-brainsci-10-00411],[@B32-brainsci-10-00411],[@B35-brainsci-10-00411],[@B36-brainsci-10-00411]\]brain connectivity disruption \[[@B34-brainsci-10-00411]\]leukoencephalopathy \[[@B13-brainsci-10-00411],[@B36-brainsci-10-00411]\]-Increase in tau protein (axonal damage and neurodegeneration), increase in GFAP (associated with attention deficit) \[[@B36-brainsci-10-00411]\] neuroinflammation (increase in C-reactive protein, IL, and tumor necrosis factor-α) \[[@B9-brainsci-10-00411],[@B26-brainsci-10-00411],[@B31-brainsci-10-00411],[@B32-brainsci-10-00411]\]hypothalamic--pituitary--adrenal axis alteration \[[@B37-brainsci-10-00411]\]
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

brainsci-10-00411-t002_Table 2

###### 

The identified roles of sleep in the development of the central nervous system and cancer.

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  -Stimulation of neurogenesis in the hippocampal dentate gyrus \[[@B15-brainsci-10-00411],[@B52-brainsci-10-00411],[@B53-brainsci-10-00411],[@B54-brainsci-10-00411],[@B55-brainsci-10-00411]\]-Improvement of neuronal plasticity \[[@B52-brainsci-10-00411],[@B53-brainsci-10-00411]\]-Immunity system potentiation \[[@B13-brainsci-10-00411]\]-Sleep slow-wave maturation stimulates brain connectivity \[[@B51-brainsci-10-00411],[@B56-brainsci-10-00411],[@B57-brainsci-10-00411],[@B58-brainsci-10-00411],[@B59-brainsci-10-00411]\]-Sleep deprivation causes an increase in tau protein \[[@B60-brainsci-10-00411]\]-Melatonin sleep/wake cycle regulation \[[@B37-brainsci-10-00411],[@B42-brainsci-10-00411],[@B59-brainsci-10-00411]\]anti-tumor action \[[@B15-brainsci-10-00411],[@B54-brainsci-10-00411],[@B55-brainsci-10-00411]\]powerful free radical scavenger \[[@B15-brainsci-10-00411],[@B54-brainsci-10-00411],[@B55-brainsci-10-00411]\]
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
